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Introduction

Remifentanil is an ultra-fast-acting opioid analgesic that has been
widely adopted in clinical anesthesia. Because it can rapidly elicit
onset and offset of analgesia, remifentanil is central to the termi-
nation of infusion during surgery, thus facilitating postanesthesia
recovery (1). However, as a potent agonist of p-opioid receptors
(MORs) with a rapid hit-and-go temporal profile, its use has long
been associated with the development of remifentanil-induced
hyperalgesia (RIH), a paradoxical phenomenon in which a patient
treated with opioids for intraoperative pain control may display
enhanced postoperative sensitivity to painful stimuli (2-5). Both clin-
ical and preclinical animal model studies have demonstrated that
remifentanil treatment can generate and strengthen sensitization
to postoperative pain, which is clinically manifested as enhanced
pain intensity, increased opioid consumption, and aggravation of
the adverse side effects of opioids (4-6). In addition to these issues,
acute pain that is not effectively controlled may become chronic
pain (7, 8). Since the strategies for prevention and treatment of RIH
are urgently needed in the clinic, research attention is increasingly
focused on determining its underlying mechanisms.
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Remifentanil-induced hyperalgesia (RIH) is a severe but common postoperative clinical problem with elusive underlying
neural mechanisms. Here, we discovered that glutamatergic neurons in the thalamic ventral posterolateral nucleus (VPL®")
exhibited significantly elevated burst firing accompanied by upregulation of Ca 3.1 T-type calcium channel expression and
function in RIH model mice. In addition, we identified a glutamatergic neuronal thalamocortical circuit in the VPL projecting
to hindlimb primary somatosensory cortex glutamatergic neurons (STHL®") that mediated RIH. In vivo calcium imaging and
multi-tetrode recordings revealed heightened STHL®" neuronal activity during RIH. Moreover, preoperative suppression of

Ca 3.1-dependent burst firing in VPL®" neurons or chemogenetic inhibition of VPL®" neuronal terminals in the STHL abolished
the increased STHL®" neuronal excitability while alleviating RIH. Our findings suggest that remifentanil induces postoperative
hyperalgesia by upregulating T-type calcium channel-dependent burst firing in VPL®" neurons to activate STHL®" neurons,
thus revealing an ion channel-mediated neural circuit basis for RIH that can guide analgesic development.

It is well known that the thalamocortical circuit within the cen-
tral nervous system is required for discriminating the location, inten-
sity, and quality of noxious stimuli (9) and plays a key role in the
sensing of pain (3, 10, 11). The ventral posterolateral nucleus (VPL),
a higher-order thalamocortical structure, is the somatosensory gate-
way that distributes nociceptive information from the spinothalamic
tract to the appropriate circuits in the cerebral cortex (9). In addition,
previous studies in various animal models for pain sensing, includ-
ing inflammatory and neuropathic pain, have reported alterations in
VPL neuronal activity (12-14). Functional magnetic resonance imag-
ing (fMRI) studies have demonstrated that the cerebral blood flow
in the VPL of human volunteers was enhanced after remifentanil
suspension (15, 16). Together, these studies indicate that the VPL is
likely crucial for development of RIH.

The VPL primarily contains glutamatergic neurons that exhib-
it prominent tonic and burst firing patterns (17, 18). Burst firing is a
unique mode of neuronal firing activity that occurs in the thalamus
and plays an essential role in pain signal transmission (19-21). Neu-
ronal burst firing is mediated by T-type calcium 3.1 (Ca 3.1) chan-
nels, a highly expressed subtype of low-voltage-activated T-type
calcium channel in thalamocortical projection neurons (13, 21, 22).
In animal models, Ca 3.1 knockout can attenuate spontaneous and
mechanical pain in mice with spinal neuropathic pain (23) or trigem-
inal neuropathic pain (24), collectively suggesting that dysfunction
of Ca 3.1 channels may result in aberrant thalamocortical dynamics
associated with the neuropathy of chronic pain (22). In light of these
findings, next, it is necessary to determine how the spike patterns of
VPL neurons may be altered during RIH as well as how Ca, 3.1 chan-
nels contribute to activity of the thalamocortical circuits for RIH.
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Figure 1. Remifentanil induces postoperative hyperalageisa in incisional mice. (A) Schematic of the experimental procedure for surgery and behavioral
tests of mice. (B and C) Time course of changes in the response threshold to mechanical force assessed using von Frey tests in ipsilateral (B, Foy=1614,
P =0.0006) and contralateral (C, Foy=52.68,P< 0.0001) hindpaws of mice with plantar incision infused with remi (inci + remi) or saline (inci + saline)
(inci + saline, n = 11 mice; inci + remi, n = 12 mice). (D and E) Time course of changes in the response to thermal pain assessed using Hargreaves tests in
ipsilateral (D, F(W) =0.9832, P = 0.3353) and contralateral (E, Fu,m =5.323, P = 0.0339) hindpaws in inci + remi and inci + saline mice (inci + saline, n = 10;
inci + remi, n = 9 mice). (F and G) Time course of spontaneous pain scores of ipsilateral (F, Fo =3:308,P = 0.0856) and contralateral (G, Fig = 6135, P =
0.0234) hindpaws in inci + remi and inci + saline mice (n = 10 mice per group). (H) Schematic for RT-PEAP tests. (I and J) Heatmaps showing the locations
of naive and incisional mice treated with saline or remifentanil in RT-PEAP tests. (K) Summary of data from von Frey filament stimulus-induced place

:

aversion (n =10 mice per group; F, ¢

,=5113,P= 0.0047). Data are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001. 2-way repeated mea-

sures ANOVA with post hoc Bonferroni's test in (B-G); 1-way ANOVA with post hoc Bonferroni's test in (K).

In the present study, we used viral tracing, in vivo and in vitro
electrophysiological recordings, 2-photon calcium imaging, fiber
photometry, as well as optogenetic and chemogenetic treatments
to demonstrate that intraoperative infusion of remifentanil (~1.3
pg/kg/min) enhances the function of Ca 3.1 channels, leading to
an increase in the burst activity of glutamatergic neurons in the
VPL (VPLCY) of a RIH mouse model induced by plantar incision.
This increased burst firing in VPL™ neurons results in the hyper-
activity of glutamatergic neurons in the hindlimb primary somato-
sensory cortex (STHLOY). These findings provide strong evidence
that RIH in mice was induced by overactivity of a thalamocortical
pathway from VPLS" neurons to STHLC® neurons that was depen-
dent on enhanced burst firing in VPL™ neurons. Our study fur-
ther revealed that elevated T-type channel activity stimulates the

VPLC—S1HLC™ pathway, leading to the development of RIH and
providing a potential ion channel-mediated mechanism for post-
operative pain associated with remifentanil treatment.

Results

Remifentanil induced postoperative hyperalgesia in mice. We first
established a mouse model for RIH by infusion of remifentanil
(40 pg/kg, 1.3 ug/kg/min) through the tail vein for 30 minutes in
mice receiving left (ipsilateral) plantar incision (25) (Figure 1A).
Compared with incisional mice treated with saline (inci + saline),
the administration of remifentanil to incisional mice (inci + remi)
resulted in a nonsignificant decrease in the mechanical threshold
of the ipsilateral hindpaws during the first 2 days after surgery in
von Frey tests (Figure 1B), potentially due to an inability to dis-
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Figure 2. Enhanced ipsilateral VPL®" neuronal activity in the mouse model of RIH. (A) Schematic diagram of the fiber photometry setup. (B) Repre-
sentative images validating the virus injection site (left) and GCaMP6&m* neurons costained with glutamate immunofluorescence (right) within the ipsi-
lateral VPL. Scale bars: 1 mm (left) and 20 pum (right). (C and D) Heatmaps (C) and the mean data (D) showing VPL-Glu®"Pm signals in mice. Color scale
at the right in (C) indicates AF/F (%). (E) Schematic diagram of optogenetic tagging and electrophysiological recording. Enlargement showing optrodes.
(F) Representative images of virus injection site of the VPL (left) and Cherry* neurons colocalized with glutamate immunofluorescence (right). Scale
bars: 200 pm (left) and 20 um (right). (G) Example recording of spontaneous and light-evoked spikes from a VPL®" neuron (left) and overlay of averaged
spontaneous (red) and light-evoked (blue) spike waveforms from the example unit (right). (H) Schematic of the multi-channel recording. Enlargement
showing the multichannel tetrode. (I) Average spike waveform of widespiking putative VPL®" neurons recorded through a single tetrode. (J) Representa-
tive traces recorded from a VPL®™ neuron showing the spontaneous burst and tonic firing. (K) Example traces of the spike firing recorded from ipsilateral
VPL® neurons. Tonic and burst firing are highlighted by dotted frames. (L and M) Quantitative data of total spike firing rate (left, F . .., = 5.306, P =
0.002), burst number/min (middle, Fisasseum = 6161, P < 0.0001), percentage of spikes in bursts (right, Fagasy = 15:572, P = 0.005), and tonic spike firing
rate (M, F ,=1.086, P = 0.354) of ipsilateral VPL®" neurons (n = 37-91 neurons from 8 mice per group). Data are presented as mean + SEM. *P < 0.05,

(3,527.508
**P < 0.01, ***P < 0.001. Linear mixed models with post hoc Bonferroni's test in (L and M).
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tinguish the degree of pain under the hypersensitivity induced by
the incision trauma. Interestingly, von Frey tests showed a signif-
icant postoperative decrease in the mechanical threshold of the
right (contralateral) hindpaws of inci + remi mice compared with
that in inci + saline mice (Figure 1C). Concurrently, we found no
obvious difference in mechanical threshold of either ipsilateral
or contralateral hindpaws when comparing mice without plantar
incision infused with saline (naive + saline) and mice without
plantar incision treated with remifentanil (naive + remi) (Sup-
plemental Figure 1, A-C; supplemental material available online
with this article; https://doi.org/10.1172/JCI158742DS1). Note
that we detected no differences among the indicated mouse
groups in thermal pain thresholds of either the ipsilateral or con-
tralateral hindpaws upon Hargreaves tests (Figure 1, D and E and
Supplemental Figure 1, D and E).

Further, video observation of spontaneous paw lifting, lick-
ing, flinching, and guarding behaviors (26-28) showed no sponta-
neous pain behaviors in either naive + saline or naive + remi mice
(Supplemental Figure 1, F and G). By contrast, both inci + saline
mice and inci + remi mice exhibited markedly higher postopera-
tive spontaneous pain scores in ipsilateral hindpaws after surgery
(Figure 1F), but no significant differences in ipsilateral and contra-
lateral hindpaws were observed between the 2 groups (Figure 1, F
and G). Therefore, it appears likely that incisional mice focused
more on the ipsilateral hindpaws — which had severe pain from
surgery trauma — than they did on the contralateral hindpaws.

In addition to examining sensory pain, a real time-place
escape/avoidance (RT-PEAP) test was used to assess emotional
pain behaviors (28, 29) (Figure 1H). We found that when sub-
threshold mechanical noxious stimuli (0.07 g) were applied to
the contralateral hindpaws, inci + remi mice exhibited stronger
avoidance behaviors compared with inci + saline mice (Figure
1, I-K). These results suggest that intraoperative remifentanil
administration may also cause emotional pain in response to nox-
ious stimuli in RIH model mice.

A complete Freund’s adjuvant-induced (CFA-induced) inflam-
matory pain mouse model was then used to validate the effects
of remifentanil on pain sensitization (Supplemental Figure 2,
A-E). Compared with that in CFA mice administered with saline,
remifentanil administration did not lead to any further decrease
in mechanical or thermal pain thresholds of the ipsilateral hind-
paws (Supplemental Figure 2, F, G, and I), while the mechanical
— not thermal — pain thresholds of the contralateral hindpaws
significantly decreased (Supplemental Figure 2, H and ]). These
results suggest that intraoperative remifentanil administration also
induced postoperative secondary mechanical hyperalgesia in mice
with CFA-induced inflammatory pain.

These collective results show that remifentanil combined with
surgical incision could induce long-term secondary mechanical
pain sensitization, while remifentanil treatment alone did not.
Since the mechanical sensitivity induced by ipsilateral hindpaw
incision was apparently too low to distinguish in mice, we focused
on RIH in the contralateral hindpaws in subsequent experiments.

RIH was accompanied by enhanced VPLS" neuronal activity. The
VPL has been proposed to function as a relay center in ascending
pain pathways (9). To confirm the involvement of VPL neuronal
activity in RIH development, we examined c-Fos expression in
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the brain on postoperative day 1. Immunofluorescence staining
showed no detectable differences in c-Fos expression in bilateral
VPL neurons between the naive + saline and naive + remi mice
(Supplemental Figure 3, A-C). By contrast, the induction of RIH
was accompanied by markedly elevated c-Fos expression in the
ipsilateral VPL in inci + remi mice compared with that of inci +
saline mice (Supplemental Figure 3, D and E), with approximately
90% of the c-Fos signal colocalized with glutamate immunofluo-
rescence, and approximately 65% of glutamatergic neurons colo-
calized with c-Fos expression (Supplemental Figure 3, F and G). It
is well known that nociceptive information evoked at the periph-
ery is sent to the spinal cord on the ipsilateral side, and transmis-
sion to the brain continues in a contralateral crossover manner.
Specifically, the pain signals originating in the ipsilateral hindpaws
with incision are processed by the contralateral thalamus, and vice
versa. Therefore, our results indicate that the ipsilateral VPLC®
neurons, responsible for the perception of pain in the contralateral
hindpaws, are activated in RIH.

To directly test whether ipsilateral VPLS™ neurons were sensi-
tized to subthreshold mechanical stimuli under RIH, we infused
the ipsilateral VPL of C57 mice with virally expressed fluorescent
Ca? indicator GCaMP6m (AAV-CaMKII-GCaMP6m), then con-
ducted calcium signal measurements in VPLS® neurons using
optical fiber photometer recording (Figure 2, A and B). The results
showed that calcium signals rapidly increased following stimula-
tion with 0.07 g von Frey filament on the contralateral hindpaws
of the inci + remi mice on postoperative day 1 (Figure 2, C and D
and Supplemental Video 1), which indicated that VPL®™ neurons
participated in RIH-associated heightened sensitivity.

To explore the role of VPLC" neurons in the processing of pain,
we used in vivo multi-channel electrode recordings in freely mov-
ing mice. We first identified the characteristics of spike waveforms
evoked by laser stimulation (473 nm, 20 Hz) of VPL®® neurons using
optogenetics in CaMKII-Cre mice (Figure 2, E-G and Supplemental
Figure 4) and measured the 2 spiking patterns (tonic or burst firing)
of VPLS" neurons under in vivo multi-channel electrode recordings
(Figure 2, H-J). Under the 0.6 g von Frey filament stimulation of
mouse hindpaws (Supplemental Figure 5, A and B), the total firing
rate, burst firing rate, and the percentage of spikes in bursts record-
ed from contralateral VPLS® neurons in normal mice were both
increased, while the tonic firing rate was not changed (Supplemen-
tal Figure 5, C-G); this indicated that VPLS" neurons were involved
in nociceptive information processing and that the firing pattern of
VPL®™ neurons may be altered during pain sensing. Interestingly,
we found that the spontaneous total firing rate, burst firing rate, and
the percentage of spikes in bursts were all increased in the ipsilat-
eral VPLS" neurons of inci + remi mice compared with those of inci
+ saline mice (Figure 2, K and L and Supplemental Figure 6, A-D).
Notably, the tonic firing rate was not significantly different between
inci + saline and inci + remi treated mice (Figure 2M, and Supple-
mental Figure 6E), suggesting that the increase in total firing was
mainly due to elevated burst firing. Taken together, these data sug-
gest that VPLS® neuronal activity was increased in mice with RIH,
potentially due to enhanced burst firing.

Ipsilateral VPL" neurons of RIH mice exhibited increased burst
firing. To further investigate the relationship between altered burst
firing in ipsilateral VPLS" neurons and RIH, we performed whole-
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Figure 3. Hyperactivity of burst firing in ipsilateral VPL®" neurons causes postoperative RIH. (A) Schematic diagram of whole-cell recordings. (B) Sponta-
neous burst firing from an ipsilateral VPL®" neuron. (C) The percent of spontaneous burst firing in ipsilateral VPL®" neurons (n = 60-65 neurons from 6 mice
per group; P = 0.0011, #* test). (D-F) Representative traces (D) and quantitative data of the number (E, Fosssaey = 7332, P < 0.0001) and rheobase (F, Fare
4.722, P = 0.005) from 10 mice per group). (G) Virus injection and recording configuration in brain slices. (H and 1) Representative traces (H) and the percentage
(1) of burst firing induced by yellow light (n = 10 neurons from 5 mice). (J) Schematic of multi-channel recordings. (K) Viral expression within the VPL. Scale
bars, 200 um (left) and 20 pm (right). (L) The percentage of eNpHR3.0-EYFP-labeled neurons coexpressing with glutamate immunofluorescence (n =16 slices
from 8 mice). (M) Raster plot (top) and the histogram (bottom) showing the firing rate of VPL®" neurons. (N) Multi-channel recordings of spike firings from
VPL®" neurons. (0) The percentage of bursts induced by yellow light (1 = 10 neurons from 5 mice). (P) Quantitative data of spike frequency (left, F(mums) =
14.96, P = 0.048) and burst number/min (right, Foasssen = 5-312, P = 0.022) of VPL®" neurons (n = 50 neurons from 8 mice per group). (Q) Summary of pain
thresholds in mice (n = 8 mice per group; F(w) =9.602, P = 0.0005).Data are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001. Linear mixed mod-

els with post hoc Bonferroni’s test in E and P; nested 1-way ANOVA test in F; 2-way repeated measures ANOVA with post hoc Bonferroni’s test in Q.
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Figure 4. Downregulation of T-type calcium channels blocks burst
firing and relieves postoperative RIH. (A and B) Ca 3.1 protein level in
cell membrane fractions from ipsilateral VPL tissue (B, n = 6-7 mice

per group; F,,, =7.633, P = 0.0011). (C) Representative traces of T-type
calcium currents. (D and E) Current-voltage (I-V) curves (D, Fses.088 =
46.526, P < 0.0001) and quantitative data (E, Fis, = 6.694, P = 0.0007;
at -115 mV) of current density (n = 14 neurons from 6 mice per group).

(F) Schematic of the experimental procedure. (G) The effect of micro-
injection of Mibe on the postoperative hyperalgesia (n = 8 mice per
group; F,., =14.34,P = 0.002). (H) Schematic for virus injection. (I) Virus
expression within the VPL. Scale bars: 200 um (left) and 20 pm (right).

() and K) Ca 3.1 expression in ipsilateral VPL lysates (AAV-control, n = 4
mice; AAV-RNAI, n = 5 mice; t,, = 3.08, P = 0.0178). (L) Schematic of virus
injection and recording configuration. (M) Representative traces of T-type
calcium currents. (N and 0) Current-voltage (/-V) curves (N, Fosaz60 =

267.89, P < 0.0001) and quantitative data (0, t. = 6.265, P < 0.0007; at
-115 mV) of current density (n = 24 neurons from 8 mice per group). (P-R)
Representative traces (P) and quantitative data of the number (Q, Fossy =
53.601, P < 0.0001) and rheobase (R, toy=4215P = 0.0004) of the burst
spike (n = 33 neurons from 11 mice per group). (S) Quantitative data for
mechanical thresholds (AAV-control, n = 10 mice; AAV-RNAI, n = 8 mice;
Fmﬁ) =148.2, P < 0.0001). Data are presented as mean + SEM. *P < 0.05,
**P < 0.01, ***P < 0.001. 1-way ANOVA with post hoc Bonferroni’s test in
(B); linear mixed models with post hoc Bonferroni’s test in (D, N and Q);
nested 1-way ANOVA test in (E); 2-way repeated measures ANOVA with
post hoc Bonferroni's test in (G and S); unpaired 2-tailed Student’s t test
in (K); and nested 2-tailed t test in (0 and R).

cell recordings of glutamatergic neurons in VPL coronal slices of
mice (Figure 3A). We found that the spontaneous burst firing (1, ,
= 0 pA) was relatively rare in the naive group (6.66% in naive +
saline mice, n = 4/60 neurons; 10.25% in naive + remi mice, n =
7/65 neurons) and could only be recorded in the VPL™ neurons
with a resting membrane potential (RMP) near -60 mV (Figure
3B). By contrast, 27.78% (n = 19/61 neurons) of the recorded ipsi-
lateral VPLS™ neurons from inci + remi mice displayed enhanced
firing compared with only 14.2% (n = 9/64 neurons) in inci + saline
mice (Figure 3C). Previous studies have shown that the intrinsic
membrane properties of VPLS® neurons are directly related to their
burst firing (3, 20, 30). We therefore delivered a series hyperpolar-
ized currents (from O pA to-300 pA, -10 pA/step, 500 ms) to these
neurons and found that the action potentials of the burst appeared
at the termination of hyperpolarized pulses (Figure 3D). Further-
more, we observed an increase in the number and a decrease in the
rheobase of the burst firing in ipsilateral VPL™ neurons from inci
+ remi mice compared with those from inci + saline or naive + remi
mice (Figure 3, E and F). In addition, we found that the RMP exhib-
ited a higher degree of depolarization and that the input resistance
(R,) decreased to a greater extent in ipsilateral VPL®" neurons of
inci + remi mice compared with those of the inci + saline or naive
+ remi mice (Supplemental Figure 6, F-H). These results suggested
that alterations in the intrinsic membrane properties of VPL" neu-
rons may lead to enhanced burst firing in RIH mice.

In order to test whether enhanced burst firing is sufficient
to induce pain sensitization in mice, we infected VPL™ neurons
with a Cre-dependent variant of eNpHR3.0 virus (AAV-DIO-eN-
pHR3.0-EGFP) and used optogenetic tools to induce burst firing
in the CaMKII-Cre mice (30, 31) (Figure 3G). Examination of brain
slices revealed that burst firing could be successfully evoked at
the termination of the yellow light pulse stimulations (589 nm, 1
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Hz, pulse width 100 ms) in VPLS" neurons expressing eNpHR3.0
(I,..c = O pA) (Figure 3, H and I). These results were confirmed by
in vivo optrode recordings in freely moving mice (Figure 3, J-L),
which further showed that burst firing robustly increased with a
success rate of over 90% during yellow light photostimulation
(Figure 3, M-O). Statistical analysis indicated that spike frequen-
cy and burst number/min significantly increased during photo-
stimulation (Figure 3P). In addition, behavioral tests showed that
the typical pattern of yellow light photostimulation in the VPLS
neurons could acutely drive allodynia in mice (Figure 3Q). In light
of these findings, we hypothesized that increased burst firing of
VPLS neurons serves as major etiological basis for RIH in mice.

Upregulation of T-type calcium channels of VPL®™ neurons in mice
with RIH. Previous studies have shown that low-threshold-activat-
ed T-type Ca 3.1 channels are the predominant subtype in thalam-
ocortical projection neurons and play a key role in initiating burst
firing (22, 24, 32, 33). To better understand their contribution to
RIH, we performed immunofluorescence staining of Ca 3.1 chan-
nels and found that they were highly expressed in VPL® neurons
in mice (Supplemental Figure 7A).

We next investigated the molecular mechanisms underlying
the increased burst firing in the RIH mouse model. After validat-
ing the specificity of the antibody for Ca 3.1 (#PA5-77311, Thermo
Fisher Scientific) (Figure 4, H-K), Western blots showed that global
Ca 3.1 protein levels from ipsilateral VPL lysates were upregulated
in inci + remi and inci + saline mice, relative to those of the naive
+ remi and naive + saline mice, respectively (Supplemental Figure
7, D and E). Further, we also examined the Ca 3.1 protein levels in
the cell membrane fractions extracted from ipsilateral VPL tissues
of each group (Supplemental Figure 7, B and C). Compared with
the naive mice, Ca 3.1 protein levels were significantly higher in
the inci + saline and inci + remi mice, although no significant dif-
ference was detected between these 2 groups (Figure 4, A and B),
suggesting that Ca 3.1 channel function may change during RTH.

We then used electrophysiological recordings in whole-cell
voltage-clamp mode, as described previously (20, 21, 30, 34), to
specifically isolate T-type calcium channel-mediated currents by
holding membrane voltage at -60 mV with 500-ms-long voltage
steps of -115 mV through -50 mV (Figure 4C and Supplemental
Figure 8A). These currents could also be eliminated by bath appli-
cation of the T-type calcium channel-specific blocker mibefradil
(15 uM) (Supplemental Figure 8, A and B). Comparison between
treatment groups showed that the current density for T-type calci-
um channels was higher in the ipsilateral VPL" neurons of inci +
remi mice, compared with that of inci + saline mice (Figure 4, C-E),
indicating that T-type calcium channel function was enhanced in
the presence of remifentanil.

Behavioral tests were performed to examine whether block-
ing T-type calcium channels had any effect on hyperalgesia in RIH
mice. To this end, mibefradil was microinjected into the ipsilateral
VPL 30 min before surgical incision in inci + remi mice, and the
mechanical pain threshold was measured over the next 4 days
(Figure 4F). We found that pretreatment with mibefradil could
effectively prevent hypersensitivity of contralateral hindpaws
and suppress the burst firing in VPLS® neurons compared with
RIH mice given artificial cerebrospinal fluid (ACSF) control pre-
treatments (Figure 4G, and Supplemental Figure 8, C-F). Similar
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Figure 5. Dissection of the VPL®“—STHL®" circuit. (A) Representative
images of EYFP- fibers in the STHL. Scale bars: 200 um (left) and 20

um (right). (B) Schematic of strategy for virus injection. (C and D) Viral
expression within the VPL (C) and STHL (D). Scale bars: 200 pm. (E and F)
Colocalization of GFP* and glutamate* signals within the STHL (F,n=5
slices from 5 mice per group; t,, = 32.36, P < 0.0001) showing. Scale bars:
20 um in (E). (G) Schematic of the virus tracing strategy. (H) The injected
site (left) and viral expression (right) within the STHL. Scale bars: 200 pm
(left) and 20 um (right). (I and )) Colocalization of DsRed-labeled neurons
and glutamate* signals within the VPL (), n = 5 slices from 5 mice). Scale
bars: 200 um (left) and 20 pm (right) in (I). (K) Schematic of the optrode
implantation in the STHL and virus infusion. (L and M) Representative
traces (L) and summarized data (M, n = 13 neurons from 6 mice per
group; F,,, = 22.81, P < 0.000) of the firing rate of the STHL®" neurons.
(N) Schematic of of the experimental procedure. (0 and P) Example
traces (0) and quantitative data (P) of spike firing in STHL®" neurons (n

= 25-32 neurons from 8 mice per group; F, ., ., = 26.171, P < 0.0007). (Q)
Schematic for the preparation of thalamocortical somatosensory slices.
(R) EYFP* fibers in thalamocortical somatosensory slices. Scale bars:

1 mm (left) and 20 pum (right). (S) Schematic for the light stimulation
within the VPL and recording configuration. (T-V) Representative traces
and quantitative data of the frequency (U, ¢, = 4.775, P = 0.0002) and
amplitude (V, ts = 02537, P = 0.8212) of sEPSCs recorded from STHL®"
neurons. Data are presented as mean + SEM. **P < 0.01, ***P < 0.001.
Unpaired 2-tailed Student’s t test in F; linear mixed models with post
hoc Bonferroni’s test in M and P; paired 2-tailed t test in U and V.

behavioral effects were obtained by ipsilateral VPL postadminis-
tration of mibefradil in RIH mice (Supplemental Figure 8, G and
H). Moreover, in naive CaMKII-Cre mice with VPLS™ neurons
expressing eNpHR3.0 (Supplemental Figure 8I), we found that
mibefradil pretreatment for 30 minutes reversed yellow light-in-
duced (589 nm, 1 Hz, pulse width 100 ms) mechanical allodynia
behavior (Supplemental Figure 8]), but not in mice infected with
control virus (Supplemental Figure 8K). These data suggest that
the hyperactive burst firing observed in RIH mice was mainly
caused by dysfunction of T-type calcium channels.

We next designed an RNAi viral vector (AAV-CaMKII-mCher-
ry-shRNA-(Ca 3.1)) to knock down Ca 3.1 channels in VPLS®
neurons (Figure 4, H and I). For RIH mice, at 3 weeks after VPL
injection of Ca 3.1 RNAi virus (AAV-RNAIi), Western blots showed
that Ca 3.1 protein levels in the VPL were reduced to approximate-
ly 61.5% of that in the AAV-CaMKII-mCherry-shRNA-infected
(scramble, AAV-control-infected) group (Figure 4, ] and K). Com-
pared with the AAV-control group, T-type calcium channel-medi-
ated currents were decreased in AAV-RNAi-expressing ipsilateral
VPLS™ neurons (Figure 4, L-O), accompanied by decreased spike
number and increased rheobase of burst firing (Figure 4, P-R). In
addition, knockdown of Ca 3.1 channels in ipsilateral VPL®" neu-
rons by AAV-RNAI reduced hypersensitivity in the contralateral
hindpaws of RIH mice (Figure 4S). In naive mice infected with
AAV-RNAI (Supplemental Figure 9, A and B), the yellow light-in-
duced burst firing in VPL" neurons (Supplemental Figure 9, C-E)
and mechanical allodynia behavior (Supplemental Figure 9F) both
disappeared. These findings indicated that burst firing in VPLS®
neurons, as regulated by Ca 3.1, contributes to RIH development.

We also tested whether sufentanil (sufen) — another p-opioid
receptor agonist widely used in the clinic (35, 36) — affected pain
sensationin bothincisional and CFA mice (Supplemental Figure 10,
A and F). Interestingly, no postoperative hyperalgesia was observed
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in either incisional or CFA mice treated with sufentanil (0.5 pg/kg,
iv., 0.017 pg/kg/min) (Supplemental Figure 10, B-]). In addition,
immunofluorescence staining showed no difference between inci
+ saline and inci + sufen mice in c-Fos expression (Supplemental
Figure 11, A and B) nor in the percentage of glutamatergic neurons
that colocalized with c-Fos* neurons (Supplemental Figure 11, C
and D) in the ipsilateral VPL. Furthermore, in vivo multi-channel
electrode recordings showed no differences in total firing rate or
burst firing rate of ipsilateral VPLS® neurons between inci + sufen
and inci + saline mice (Supplemental Figure 11, E and F). These
results were consistent with the results of optical fiber photometer
recording of calcium activities in the ipsilateral VPLS" neurons of
both groups (Supplemental Figure 11, G and H).

Examination of the contralateral VPL showed that both inci +
saline and inci + sufen groups exhibited high expression of c-Fos*
neurons colabeled with glutamate antibody (Supplemental Fig-
ure 11, I-L) and high firing rates of spontaneous tonic and burst
firings in VPLS™ neurons, with no significant differences detected
between the 2 groups (Supplemental Figure 11, M and N). These
results indicate that sufentanil did not cause postoperative hyper-
algesia and did not appear to affect the activity of VPL™ neurons.
Taken together, our results suggest that differences between
remifentanil and sufentanil treatment can provide insight into the
mechanism by which remifentanil induces hyperalgesia.

Burst firingin VPL" neurons regulated activity of the VPL®"—SI1H-
L% circuit. The most distinctive feature of the thalamus is its inter-
connection with the cerebral cortex (8), which serves as a higher-or-
der relay for integrating and differentiating diverse pain signals (3,
37).Inorder to identify the pain-associated thalamocortical circuits,
we first dissected the functional connectivity of this distinct path-
way from the VPL to the cortex. For this purpose, we first infused
an AAV-DIO-eNpHR3.0-EYFP reporter virus into the VPL of CaM-
KII-Cremice, as shown in Figure 3K. Three weeks later, we observed
abundant EYFP* fibers in the STHL (Figure 5A), which is well known
to participate in processing hindlimb pain (38). To confirm this
VPL—SIHL projection, we injected anterograde monosynaptic
AAV-Cre-GFP virus into the VPL, and AAV-DIO-GFP virus into the
SIHL of C57 mice (Figure 5, B and C). 3 weeks later, GFP* neurons
were observed in the STHL (Figure 5D) and prominently colocalized
with immunofluorescence signals from the glutamate antibody, but
not from the GABA antibody (Figure 5, E and F).

To characterize the VPL—SIHL organization, we used a
cell-type-specific retrograde trans-monosynaptic tracing system
(Figure 5G). Cre-dependent helper viruses (AAV-EFla-DIO-
TVA-GFP and AAV-EF10-DIO-RVG) were injected into the SIHL
of CaMKII-Cre mice, and after 3 weeks, a rabies virus-based
(RV-based) reporter (EnvA-pseudotyped RV-AG-DsRed) was
injected into the same site (Figure 5H). We identified intense-
ly DsRed* neurons in the zona incerta, the contralateral S1, the
secondary somatosensory cortex, and the posterior thalamic
nucleus (Supplemental Figure 12, A and B). Importantly, we also
found intensely DsRed* neurons in the VPL, suggesting that VPL
neurons innervate SIHL®™ neurons (Figure 5I and Supplemental
Figure 12C). In addition, the DsRed* neurons in the VPL primari-
ly colocalized with antiglutamate signals (Figure 5]) and antibody
targeting Ca 3.1 channels (Supplemental Figure 12D). These find-
ings thus revealed a VPL"—SIHLS" circuit.
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Figure 6. Increased ipsilateral STHL®"™ neuronal excitability in mice with remifentanil induced allodynia. (A-C) Representative traces (A) and quan-
titative data of the firing rate (B, F ., ., = 18.748, P < 0.0001) and rheobase (C, F, ,, = 8.543, P = 0.0003) of action potentials recorded in ipsilateral
STHL® neurons (n = 23-25 neurons from 8 mice per group). (D) Schematic paradigm of in vivo 2-photon (2P) calcium imaging in head-restrained C57
mice. (E and F) Representative images of 2P GCaMP6f* imaging fields (E) and numbers matching spontaneous AF/F time series traces (F) of ipsilat-
eral STHL®Y neurons. Scale bar: 20 pm. (G and H) Average of spontaneous calcium responses (G, Fiog=44P= 0.0117) and calcium event rates (H,
Fs.2¢ = 4505, P = 0.0106) in GCaMPé" ipsilateral STHL®" neurons (n = 154-159 neurons from 8 mice per group). (I) Representative images of GCaMPém
expression within the VPL (left) and colocalization of GCaMP6&m* neurons and glutamate immunofluorescence (right). Scale bars: 200 pm (left) and 50
um (right). (J and K) Heatmaps (J) and the representative average AF/F traces (K) of STHL GluS©MPém signals. (L) Representative images of the tetrode
placement site in the STHL. Scale bars: 200 pm (left) and 40 um (right). (M and N) Example traces (M) and quantitative data (N, n = 22-48 neurons
from 8 mice per group; F, o, ) = 9436, P< 0.0001) of spike firing of ipsilateral STHL®" neurons. Dil, 1,1’-dioctadecyl-3,3,3',3'-tetramethylindocarbocy-
anine perchlorate. Data are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001. Linear mixed models with post hoc Bonferroni's test in (B
and N); nested 1-way ANOVA with post hoc Bonferroni's test in (C, G and H).
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To determine whether the burst firing of VPLS" neurons is
sufficient to alter the activity of the VPL"—SIHLS® circuit, we
examined the neuronal activity of SIHL®" neurons by c-Fos stain-
ing (Supplemental Figure 13A) and in vivo optrode recordings
(Figure 5K) following yellow light photostimulation (589 nm, 1
Hz, pulse width 100 ms) of VPL®" neurons in naive mice. Notably,
c-Fos expression was increased in SIHL®™ neurons after photo-
stimulation of eNpHR3.0-expressing VPL" neurons (Supplemen-
tal Figure 13, B and C), in which 88.8% of glutamatergic neurons
colocalized with c-Fos signals (Supplemental Figure 13, D and E).
In addition, after the photostimulation of eNpHR3.0-express-
ing VPLC" neuronal fibers in the SIHL by implanted optrodes, in
vivo recordings showed a significant increase in the firing rates
of SIHLS" neurons (Figure 5, L and M), which were abolished by
knockdown of Ca 3.1in VPL®" neurons (Figure 5, N-P).

To examine the synaptic mechanism by which burst firing of
VPLC® neurons contributes to the regulation of VPL®—SIHLS
circuit activity, we combined in vitro electrophysiological record-
ings with optogenetic methods. Using whole-cell recordings in
thalamocortical slices (Supplemental Figure 14, A-C), we observed
that brief light stimulation of ChR2-containing VPL®™ neurons
with the optical fiber positioned above the VPL consistently elic-
ited excitatory postsynaptic currents (EPSCs) in STHL®™ neurons
(Supplemental Figure 14, D and E). These EPSCs were blocked
by bath application of brain slices with tetrodotoxin (TTX, 1 uM),
which could be rescued by the addition of the potassium channel
blocker 4-aminopyridine (4-AP, 4 mM) to the TTX treatment. This
rescue effect could then be eliminated by adding AMPA receptor
antagonist 6,7-Dinitroquinoxaline-2,3(1H,4H)-dione (20 pM) to
the TTX/4-AP cotreatment (Supplemental Figure 14, E and F).
These results demonstrated that SIHL® neurons received func-
tional monosynaptic excitatory glutamatergic projections from
VPLC® neurons. In addition, we found that yellow light stimulation
of eNpHR3.0* VPLS" neurons in thalamocortical slices (Figure 5,
Q-9) resulted in an increase in the frequency, but not the ampli-
tude, of spontaneous EPSCs (SEPSCs) in the SIHLCS™ neurons
(Figure 5, T-V). Taken together, our findings suggest that the burst
firing of VPLS™ neurons can indeed alter the functional connec-
tivity of the VPL®"—S1HLS" circuit. We therefore proposed that
this thalamocortical functional alteration could be mediated via a
presynaptic regulatory mechanism that controls the efficiency of
excitatory synaptic transmissions in STHL® neurons.

Increased excitability of ipsilateral SIHL®™ neurons in RIH mice.
In light of our above findings, we hypothesized that if SIHL®" neu-
rons were innervated by VPLS" inputs in an excitatory state, then
an increase in inputs under RIH conditions could induce excitato-
ry effects. We detected no difference in c-Fos expression in ipsi-
lateral STHLC" neurons between naive + saline and naive + remi
mice by immunofluorescence staining (Supplemental Figure 15,
A-C). However, there was a notable increase in c-Fos expression
in ipsilateral STHLC" neurons of inci + remi mice compared with
those of inci + saline CaMKII-Ail4 mice on postoperative day 1
(Supplemental Figure 15, D-G). In addition, whole-cell recordings
showed an increase in firing rate (Supplemental Figure 16, A and B
and Figure 6, A and B) and a decrease in the rheobase (Figure 6C)
of action potentials in STHL®™ neurons of inci + remi mice com-
pared with those of'inci + saline mice. Moreover, depolarization of
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RMPs was also observed (Supplemental Figure 16C) in ipsilateral
SIHLS" neurons of inci + remi mice, while the R, was unaffected
(Supplemental Figure 16D).

In order to visualize calcium signals in conscious mice,
AAV-CaMKII-GCaMP6f virus was injected into the ipsilater-
al SIHL of C57 mice (Figure 6D). Subsequent in vivo 2-photon
calcium imaging showed that the fluorescence intensity and
event of spontaneous calcium signals significantly increased in
GCaMP6f* STHL®™ neurons in inci + remi mice compared with
that of inci + saline mice (Figure 6, E-H and Supplemental Fig-
ure 16, E and F). In addition, photometric calcium signal record-
ings showed enhanced calcium signals in the ipsilateral SIHLS®
neurons upon 0.07 g von Frey stimuli applied to contralateral
hindpaws in freely moving RIH mice (Figure 6, I-K and Supple-
mental Video 2). In vivo multi-tetrode recordings also showed
that spontaneous firing increased in ipsilateral STHL®™ neurons
(Figure 6, L-N and Supplemental Figure 17). These cumulative
results showed that ipsilateral SIHL®™ neurons were hyperacti-
vated in RIH mice.

Examination of the contralateral SIHL in mice revealed that
c-Fos expression and neuronal excitability were both increased in
S1HLC" neurons of the inci + remi group compared with that of inci
+ saline CaMKII-Ail4 mice on postoperative day 1 (Supplemental
Figure 18, A-H). The elevated neuronal activity described above
was also confirmed by in vivo recording of photometric calcium
signal, 2-photon calcium imaging, and multi-tetrode recordings in
mice (Supplemental Figure 19). In particular, calcium signals rap-
idly increased following stimulation with 0.07 g von Frey filament
on the ipsilateral hindpaws in contralateral STHL®™ neurons of inci
+ remi and inci + saline mice, but not in those of naive + saline
or naive + remi mice (Supplemental Figure 19, A-C). Interesting-
ly, the in vivo 2-photon calcium imaging (Supplemental Figure 19,
D-F) and multi-tetrode recordings (Supplemental Figure 19, G-I)
showed that contralateral STHL®™® neuronal activity was signifi-
cantly increased in the inci + remi mice compared with that in the
inci + saline or naive + remi mice, indicating that surgery was a
prerequisite for hyperalgesia, and that remifentanil mediates its
development postoperatively.

In addition, we also evaluated the effects of sufentanil on the
activity of STHL® neurons in mice. For ipsilateral SIHL®" neurons,
c-Fos immunofluorescence staining showed no difference in neu-
ronal activity between inci + sufen and inci + saline CaMKII-Ai14
mice on postoperative day 1 (Supplemental Figure 20, A-D), which
was in agreement with in vivo multi-tetrode (Supplemental Figure
20, E and F) and photometric calcium signal recordings (Supple-
mental Figure 20, G and H). For the contralateral SIHL®® neurons,
although the c-Fos expression (Supplemental Figure 20, I-L) and
firing rate of spontaneous spikes (Supplemental Figure 20, M and
N) were both elevated, no obvious difference in these measure-
ments was observed between the inci + sufen and inci + saline
groups. These results collectively indicated that sufentanil itself
does not alter the bilateral STHLC" neuronal activities in mice giv-
en surgical plantar incisions.

Essential role of the VPL"—SIHL®™ pathway in RIH. In light
of the increased excitatory inputs in the VPLS*—SIHLS® circuit
during RIH, we next examined SIHL®" neuronal activity after pre-
operative local inhibition of T-type calcium channels in the ipsi-
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Figure 7. The VPL®" — STHLE" circuit controls allodynia in RIH mice. (A)
Schematic of the experimental procedure. (B) c-Fos expression in ipsilat-
eral STHL. Scale bars: 200 um. (C) Colocalization of c-Fos* neurons with
tdTomato*. Scale bars: 20 pm. (D) The percentage of c-Fos* and glutamate
expression (left, to, = 04611, P = 0.6518; right, toy =17.61,P< 0.0001) in the
ipsilateral STHL (n = 8 slices from 5 mice per group). (E-G) Representative
traces (E) and quantitative data of the firing rate (F, F, =67193, P<

(1,348.99)

0.0001) and rheobase (G, toy=4207,P= 0.0002) of action potentials from
ipsilateral STHL®" neurons (n = 20 neurons from 8 ACSF mice; n = 15 neu-
rons from 7 Mibe mice). (H) Virus injection and optrode implantation in RIH
mice. (1 and J) Example traces (I) and quantitative data (J) for spike firing
(n = 25-49 neurons from 8 mice per group; F, .., = 18.013, P = 0.0002).
(K) Schematic of microinjection. (L) Viral expression within the VPL. Scale
bars: 200 um (left) and 20 pum (right). (M) The percentage of glutamate*
neurons expressing GFP signals (n = 8 slices from 5 mice). (N) GFP fibers
in the STHL. Scale bars: 200 um. (0) Effects of CNO on VPL®" neurons (n =
5 neurons from 5 mice per group; F, ., = 118.536, P < 0.0001). (P-R) Rep-
resentative traces (P) and quantitative data of the firing rate (Q, FMGO‘SDS)
=39.677, P < 0.0001) and rheobase (R, toy=4954,P= 0.0003) of action
potentials from ipsilateral STHL®" neurons (n = 23 neurons from 7 GFP mice
or 8 GFP-hM4Di mice).(S) Mechanical pain thresholds in RIH mice injected
with CNO in the STHL (n = 9 mice per group; Fo = 64.63, P < 0.0001). (T
and U) Heatmaps (T) and summary data (U, GFP, n = 10 mice; hM4Di-GFP,
n =9 mice; t,=1242, P = 0.231) for RT-PEAP tests of RIH mice. Data are
presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001. Unpaired
2-tailed Student’s t test in D and U, linear mixed models with post hoc
Bonferroni’s test in F, J, 0 and Q, nested2-tailed t test in G and R; 2-way
repeated measures ANOVA with post hoc Bonferroni's test in S.

lateral VPL by microinfusion of mibefradil. Immunohistochemis-
try staining and whole-cell recordings in brain slices showed that
c-Fos expression and the neuronal excitability were both signifi-
cantly decreased in Tdtomato* ipsilateral SIHLC" neurons of CaM-
KII-Ail4 RIH mice (see Supplemental Methods) pretreated with
mibefradil compared with RIH mice pretreated with ACSF (Fig-
ure 7, A-G). It bears mention that posttreatment of mibefradil or
knockdown of Ca 3.1 channels in the VPL of RTH mice also result-
ed in decreased activity of the ipsilateral STHL®" neurons (Supple-
mental Figure 21 and Figure 7, H-]).

Consistent with the effects of mibefradil (Mibe), preoper-
ative microinfusion of the VPL with GABA, receptor agonist
muscimol resulted in amelioration of RIH (Supplemental Figure
22, A and B), while the STHL®™ neuronal firing rate decreased
and rheobase increased in brain slices of these mice compared
to that of ACSF-treated CaMKII-Ail4 RIH mice on postoperative
day 1 (Supplemental Figure 22, C-F). These results indicate that
the enhanced excitability of SIHLS™ neurons in RIH mice was
dependent on aberrant hyper-excitatory inputs from VPLS® neu-
rons. Furthermore, pain sensitization was relieved by the selective
preoperative inhibition of SIHL®™ neurons with chemogenetic
inhibitory hM4Di virus (AAV-CaMKII-hM4Di-mCherry or AAV-
CaMKII-GFP) and intraperitoneal injection of its ligand clozap-
ine-N-oxide (CNO) in RIH mice (Supplemental Figure 23, A-D).
Electrophysiological recordings showed that preoperative treat-
ment with CNO in the RIH mice led to a significantly decreased
neuronal excitability in hM4Di* STHLS® neurons compared with
those in GFP* STHL®™® neurons on postoperative day 1 (Supple-
mental Figure 23, E-I). Cumulatively, these findings demonstrat-
ed that the STHL®™ neurons are functionally responsible for the
development of RIH.
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To investigate whether the hyperactivity of STHL" neurons
is driven by a remifentanil-induced increase in VPLS™ neuron
activity in RIH mice, we applied chemogenetics to inhibit VPLC®
terminal activity in the SIHL following ipsilateral VPL injection
of chemogenetic inhibitory hM4Di virus and ipsilateral STHL
injection of CNO (Figure 7, K-O). We found that SIHL®"* neuro-
nal activity was reduced and pain sensitization was abolished
in the contralateral hindpaws at 30 minutes after CNO injec-
tion in CaMKII-Ail4 RIH mice (Figure 7, P-S), while aversion
to the noxious stimuli did not change (Figure 7, T and U). These
results suggested that the VPL—S1HLC™ circuit is responsible
for sensory pain but not the emotional pain component in the
current animal model.

In order to explore whether the direct administration of
remifentanil to brain slices of RIH mice could recapitulate the
same effects on the VPLS"—S1HLC" pathway as an in vivo expo-
sure, we examined neuronal excitability of VPLS™ and SIHL®®
neurons in thalamocortical brain slices containing the VPL and
S1HL using whole-cell recordings with perfusion of remifentan-
il (8 pM) (Supplemental Figures 24 and 25). We found that the
evoked burst firings of ipsilateral VPL™ neurons significantly
diminished after remifentanil perfusion in slices from both naive
and incisional mice (Supplemental Figure 24). Interestingly,
upon washout of remifentanil, incisional mice showed a marked
increase in the number of spikes and a significant decrease in the
rheobase of burst firing in ipsilateral VPLS® neurons compared
with the baseline (Supplemental Figure 24, G-L). This phenom-
enon was not observed in naive mice (Supplemental Figure 24,
A-F). In addition, the evoked firing in STHL®™ neurons was not
affected by administration (or washout) of remifentanil in slices
from naive or incisional mice (Supplemental Figure 25). It is pos-
sible that, although the efferent fibers projecting from the VPL to
the SIHL were largely preserved during preparation of the thalam-
ocortical slices, the neural connections may have been destroyed.
In addition, as a potent agonist of MORs, differences in the effects
of remifentanil between VPL"™ and STHL®™ neurons may be due
to asymmetric distribution of MORs throughout these 2 brain
regions,; this differential distribution would align well with a pre-
vious report that showed Oprml mRNA, which encodes MORs, is
widespread in the thalamus, but less so in the cortex (39).

Functional role of the VPL®"—SIHL™ pathway in chronic pain.
To investigate the relevance of the VPL®M—SIHLSM pathway
to chronic pain, we employed a persistent spared nerve injury-
induced (SNI-induced) neuropathic pain model (Supplemental
Figure 26A). At 21 days after induction of the SNI model (SNI
21D), the mice displayed significantly lower mechanical and ther-
mal thresholds compared with those of sham mice (Supplemental
Figure 26, B and C). In vivo multi-channel electrode recordings
showed that spontaneous spike firing and burst firing rates of
contralateral VPLS" and SIHLC™ neurons were both significant-
ly increased in SNI 21D mice compared with those in sham mice
(Supplemental Figure 26, D-I). In addition, chemogenetic inhi-
bition of VPLS" terminal activity in the SIHL led to a significant
increase in the mechanical and thermal pain thresholds of SNI
21D mice (Supplemental Figure 26, J-L). Thus, the activity of the
VPLO—S1HLC® thalamocortical circuit was enhanced in mice
undergoing both acute and chronic pain. This finding was unsur-
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prising,since the VPL has been previously described as a relay sta-
tion for pain-signal transmission, and the somatosensory thalam-
ocortical structure is indispensable for pain modulation (40-42).

Discussion
This study identified a mechanism wherein hyperalgesia induced
by intraoperative infusion of remifentanil is dependent on upregu-
lation of burst firing of VPL®™ neurons mediated by dysfunction of
Ca 3.1 channels. This aberrant upregulation of burst firing regulates
an excitatory thalamocortical VPLC"—SIHLS" pathway (Figure 8).
In the current work, we found that remifentanil infusion
alone did not affect the pain threshold in naive mice, while inci-
sion operation with remifentanil infusion induced postoperative
hyperalgesia. Strikingly, remifentanil also produced postopera-
tive secondary mechanical hyperalgesia, but not thermal hyper-
algesia, in the contralateral hindpaws of incisional and CFA
mice. Previous animal studies have reported that mechanical
hyperalgesia is faster and more pronounced than thermal hyper-
algesia after opioid exposure (43-46). It is also worth noting that
differential pain sensitization between mechanical and thermal
stimulation has been reported in healthy human volunteers (47)
and minor eye surgery patients (48) after remifentanil admin-

hyperalgesia

istration. It therefore seems plausible that these 2 types of pain
processing may have different neural mechanisms in the current
RIH mouse model. Based on our findings, we speculated that
remifentanil exposure and surgical trauma are necessary factors
for triggering the central sensitization of pain in mice. Of note,
the apparent lack of hyperalgesia from sufentanil administration
is possibly because the dose of sufentanil used in the present
study is much lower than that of remifentanil.

Previous mechanistic studies of RIH have mainly focused
on the spinal cord (49-52) and dysregulation of the descending
pain-modulatory system (16, 53). The functions of supra-spinal
structures, especially the thalamocortical circuit, in modula-
tion of RIH are not yet known. Given that nociceptive inputs are
transmitted directly to the thalamus through the spinothalam-
ic tract (9), the hyperactive firing response of VPL®™® neurons
in RIH mice is plausible. Interestingly, our results in this study
indicate that elevated burst firing in ipsilateral VPLS™ neurons
likely represent the greatest contributing factor to the observed
increase in total firing frequency in RIH mice. These findings
are in agreement with previous studies, which reported that
changes in burst firing in the thalamus play an essential role in
pain signal transmission (13, 21).
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As an underlying current of burst firing, both the expression
and activity of Ca 3.1 channels are dysregulated in pain pro-
cessing (22, 54). For example, Ca 3.17" mice display decreased
mechanical hypersensitivity and reduced low-frequency
rhythms in the primary somatosensory cortex and thalamic
ventral posteromedial nucleus in neuropathic pain models (23,
24). These earlier reports are consistent with our findings that
show genetic knockdown of Ca 3.1 in ipsilateral VPL" neurons
of RIH mice can reverse the model-induced increase in T-type
calcium currents and alleviate hyperalgesia. By contrast, anoth-
er study showed that the behavioral response to visceral pain is
enhanced in Ca 3.17" mice, which may be caused by loss of burst
firing in thalamocortical neurons (55). However, based on find-
ings of impaired opioid-dependent and stress-induced analgesia
in mice with periaqueductal gray-specific Ca 3.1-knockdown, it
is reasonable to conclude that Ca 3.1 channels in GABAergic neu-
rons of the periaqueductal gray function in the stress-induced
descending analgesia system (56). Thus, the enhanced visceral
pain response observed in Ca 3.17- mice does not, itself, conclu-
sively support a role of Ca 3.1 channels in thalamic pain-senso-
ry gating (21). These collective lines of evidence also indicate
that Ca 3.1 channels may play distinct roles in different types of
pain (e.g., visceral pain, neuropathic pain, and incisional pain).
In addition, the function of Ca 3.1 in pain is also likely related to
the distribution of these channels throughout the central nervous
system (e.g., somatosensory cortex, thalamus, PAG, and spinal
cord) and different types of neurons (e.g., glutamatergic and
GABAergic neurons).

Notably, even though remifentanil produced a significant
increase in T-type calcium current density in ipsilateral VPLO®
neurons in RIH mice, Ca 3.1 expression did not increase in the VPL
beyond that produced by the incision. It is therefore reasonable to
speculate that surgical trauma upregulates the expression of Ca 3.1
protein, and remifentanil exposure further enhances the function
of Ca 3.1 channels. A number of studies have demonstrated that
ion channel activity is subject to multiple layers of posttranscrip-
tional regulation (such as glycosylation, formation of disulphide
bonds, phosphorylation, ubiquitination, and enzymatic cleavage
(5,57, 58)). For example, asparagine (Asn, N)-linked glycosylation
(N-glycosylation) has been shown to affect the structural folding,
membrane targeting, stability, and voltage-dependent proper-
ties of many ion channels, including acid-sensing ion channel-1a,
2-pore-domain potassium channels, hyperpolarization-activated
cyclic nucleotide gated channels, Piezol channels, and T-type
calcium channels (59-65). Thus, remifentanil probably enhances
Ca 3.1 channel activity through posttranslational modifications or
other modulatory events. Despite these cumulative findings, the
exact mechanisms by which remifentanil exposure and surgical
trauma coordinately regulate the expression and trafficking activ-
ity of Ca 3.1 channels in VPL" neurons remains a persistent ques-
tion for current and ongoing studies.

In the processing of different pain signals, cortices perform
essential functions in distinguishing the physical location and
type of pain stimulus by acting as a point of convergence and
relay in the ascending pain pathway (3, 8, 37). Studies in different
animal models have reported that neuronal and synaptic activ-
ity of STHL®™ neurons is enhanced under pain sensing (38, 66),
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while human fMRI studies have shown that remifentanil admin-
istration can activate the primary somatosensory cortex (15, 16).
In the current study, we show that the SIHL®™ neurons receive
excitatory monosynaptic projections from VPLS® neurons and
that STHL®™ neuronal excitability is increased in RIH mice. This
effect and RIH can be abolished by downregulation of Ca 3.1
channels in VPL™ neurons. Moreover, preoperative chemoge-
netic inhibition of STHL®™ neurons can also significantly relieve
postoperative pain sensitization. Together, these findings lead us
to propose that, although the SIHL is a critical region responsible
for RIH, burst firing in VPL" neurons plays an essential role in
modulating cortical activity.

In summary, our study demonstrates that hyperactive burst
firing in VPL®" neurons caused by dysregulation of Ca 3.1 chan-
nels underlies the participation of the VPLS"—SIHL®"® pathway
in the development of RIH. Our findings provide a novel molec-
ular and circuitry mechanism of RIH, which indicates that T-type
channel blockers could potentially serve as an effective approach
for prevention of postoperative hyperalgesia.

Methods
The detailed description of the materials and methods used is provid-
ed in Supplemental Methods.
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